Effect of halogen dopants on the Li$_{2}$O$_{2}$ properties: Is chloride
  special? by Cortes, Henry A. et al.
Journal Name
Effect of halogen dopants on the Li2O2 properties: Is
chloride special?†
Henry A. Cortes,a Verónica L. Vildosola,ab María Andrea Barral,ab and Horacio R. Corti
abc
There is consensus on the fact that one of the main limitations of the Li air batteries (LABs) is the
insulating character of Li2O2 and that it becomes crucial to explore new conduction paths. Recent
studies indicate that doping with chloride increases the ion conductivity of Li2O2, although to a
much lesser extent than expected if chloride is assumed as a donor dopant [Gerbig et al., Adv.
Mater.,2013, 25, 3129]. Subsequently, it has been shown that the addition of lithium chloride,
LiCl, to the battery electrolyte increases its discharge capacity while this effect is not observed
with other halogens [Matsuda et al., J. Phys. Chem. C, 2016, 120, 13360]. This fact was attributed
to an increase in the conductivity of Cl-doped Li2O2, but still the responsible mechanism is not
clear. In this work, we have performed first principle calculations to study the effect of the different
halogens (F, Cl, Br, I) as substitutional defects in the electronic and transport properties of Li2O2.
We have calculated the formation energies of the different defects and impurities and we analysed
how they affect the activation barriers and diffusion coefficients . We have demonstrated that the
chloride does not behave like a donor dopant, thus explaining the meager increase of the ionic
conductivity experimentally observed neither it promotes the polaron formation and its mobility.
We have also found that chloride does not present any special behaviour among the halogen
series. Our results reveal that all the studied configurations associated with the halogen defects
do not derive in metallic states nor extra polarons that would increase considerably the electronic
conductivity. This is mainly due to the ionic characteristics of the Li2O2 crystal and the capability
of the oxygen dimers to adapt its valence rather than to the nature of the dopant itself.
1 Introduction
Rechargeable lithium-air batteries (LABs) have recently attracted
considerable attention as a possible energy storage device, mainly
for electric vehicles and other energy applications, due to their
high theoretical specific energy1. However, so far, a practical im-
plementation has been severely obstructed by a number of tech-
nical challenges, including: high charging potential and reduced
capacity at high discharge rates that lead to low discharge-charge
cycle efficiency and poor cathode and electrolyte stability, that
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dramatically limit cyclability2–4.
In the absence of undesirable side reactions, lithium peroxide
(Li2O2), insoluble in aprotic organic solvents, is deposited as the
primary discharge product at the porous air cathode of the LAB.
Different morphologies of the deposited Li2O2 during LAB dis-
charge have been observed, from thin films (5-10 nm in thick-
ness) covering the cathode uniformly, to large particles or toroids
with size in the range of 100-1000 nanometers. In order to ex-
plain the different morphologies, two mechanism of Li2O2 for-
mation in the LAB have been proposed5, the surface and solution
mechanism. The prevailing one is determined by the competi-
tion between the solubility of lithium superoxide (LiO2) in the
electrolyte and its adsorption on the cathode surface, an inter-
mediate that finally disproportionates, forming solid Li2O2 and
evolving oxygen6.
Contrarily to lithium oxide (Li2O), that is an ionic conductor
7,
Li2O2 is a wide band gap insulator
8,9. Its huge electrical resis-
tance is considered one of the main limitations of the Li-air bat-
teries. During discharge the Li2O2 deposition passivate the cath-
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ode surface inhibiting large cell capacity, while during charge its
insulating nature results in large overpotentials that degrades the
battery efficiency.
It was soon realized that a detailed understanding of the elec-
tron conduction mechanism in Li2O2 would contribute to improve
the performance of LAB. Thus, several first principles studies were
performed in order to elucidate the nature of the charge carriers
in Li2O2
8,10–12. Hummelshøj et al.10 performed the first DFT cal-
culation of the free energy of intermediates during the discharge
and charge of a LAB. They concluded that quite mobile bulk Li
vacancies can be created during LAB charge and Li2O2 becomes
a p-type conductor, while during discharge there is a high con-
centration of Li vacancies at the surface that generates a metallic
state that, probably, could sustain high current densities. Simi-
lar surface metallic character was reported later by Radin et al11.
In this line, DFT calculations by Geng et al13. suggested that
the electronic conductivity at O-rich grain boundaries of poly-
cristalline Li2O2 could be enhanced as compared to bulk while
amorphous Li2O2 has been shown to have similar band gaps as
compared to the crystalline phase, but its ionic conductivity is pre-
dicted to be 12 orders of magnitude larger (∼2.10−7 S.cm−1) due
to the increase of concentration and mobility of negative lithium
vacancies14.
The possibility of polaronic conduction in peroxide species
were also reported8,12,15,16. Ong et al.8 showed, using Heyd-
Scuseria-Ernzerhof (HSE) screened hybrid functional, that holes
can be self-trapped at the O−22 peroxide ions forming small hole
polarons (O−2 superoxide ions), that are strongly bound to lithium
vacancies (VLi). Thus, the conductivity would take place mainly
via polaron-VLi migration, being the energy barrier for the free va-
cancy diffusion relatively low (0.4 eV). At the same time, Kang et
al.12, also employing HSE functional, reported that electrons can
be localized at the O−22 peroxide ions, occupying its LUMO or-
bital, forming small electron polarons (O−32 ions). The migration
of the electron polarons occurs via thermally activated hopping,
with very high energy barriers leading to extremely low calcu-
lated electron mobility.
Garcia-Lastra et al.15 revisited the hole and electron polaronic
conduction in Li2O2 using Perdew-Burke-Ernzerhof (PBE) func-
tional with Hubbard correction (PBE+U) showing that the forma-
tion of polarons (both hole and electron) is stabilized with respect
to the delocalized states. They concluded that excess electrons are
easier to localize than the holes, while the energy barrier for hole
hopping are similar to that reported by Ong et al.8, but the barrier
for electron hopping is above 1 eV. By resorting to either the HSE
hybrid functional and the many-body perturbation theory (GW),
Radin and Siegel16 concluded that charge transport in Li2O2 is
mediated by both, the migration of VLi and the hopping of hole
polarons (p+).
From the experimental point of view, Højberg et al.17 have ob-
served that the impedance of a LAB during charge was low com-
pared to the end of discharge, supporting the model proposed
by Luntz et al.,18 where the electronic conductivity is improved
upon charge by a reduction of the tunneling barrier due to the
alignment of the Li2O2 valence band maximum close to the Fermi
energy. In that model for ultra-thin films it is assumed that charge
transport through Li2O2 at room temperature, at practical current
densities, is based principally on hole tunneling, while at higher
temperatures hole polaron conductivity plays a dominant role.
However, Luntz and coworkers19 observed later that positively
charged species, such as oxygen vacancies, and hole polarons,
are favorable native vacancies that hinders charge transport by
scattering of the tunneling holes.
The first reported impedance spectroscopy and DC conductiv-
ity studies of microcrystalline Li2O2 was performed only recently
by Gerbig et al.9. The results demonstrate that ionic lithium
defects are the majority carriers with ionic conductivity σion ≈
10−10-10−9 S.cm−1 at 100 ◦C, while the electronic conductivity is
around two orders of magnitude lower at the same temperature
and it increases with the oxygen pressure, indicating hole conduc-
tion (electrons are consumed upon oxygen incorporation). These
results were confirmed later by Dunst et al.20, who also showed
that the overall conductivity of the microcrystalline sample used
as reference was very low (3.4x10−13 S.cm−1), but ball-milling
leads to a conductivity increase up to 1.1x10−10 S.cm−1, being
the electronic contribution less than 10% of the total.
Overall, it can be concluded from the full theoretical and exper-
imental evidence that alternative conduction paths are needed
into the Li2O2 to obtain high capacity and power in LAB at
room temperature. With this aim, some efforts have been re-
cently focused on the effects of dopants on the charge trans-
port in Li2O2
21,22. Timoshevskii et al.21 showed by DFT calcu-
lations that doping Li2O2 with substitutional Si, non-polaronic
conducting states would appear in the band gap increasing signif-
icantly the electronic mobility due to tunneling between SiO6 σ
∗-
states. On the other hand, combining first-principles calculations
with continuum-scale transport theory, Radin et al.22 proposed a
multi-scale model which suggests that thick Li2O2 deposits doped
with traces of Co can support larger recharge current densities
with only minimal overpotentials. The effect would be due to the
fact that doping enhances charge transport by shifting the balance
of lithium vacancies and hole polarons.
Experimentally, there are few works that studied the role of
dopants9,23,24. In an attempt to increase the ionic conductivity,
Gerbig et al.9 doped Li2O2 with Cl. They assumed that Cl
− be-
haves as a donor dopant promoting the increase of Li vacancy
concentrations that, in turn, would increase σion. The reported
results show that the measured σion of Cl-doped Li2O2 has the
same order of magnitude as in the undoped sample (increasing
only a factor of three). The authors pointed out that the observed
increase of σion was less than expected, since the chemical anal-
ysis indicates a composition of 4900-6000 ppm Cl vs 15 ppm of
metal cation donor impurities.
Recently, Nakanishi and coworkers23 explored the effect of
halogen doping in LABs. They showed that when adding LiCl
to the electrolyte, the LAB energy capacity is notably larger than
when adding LiF, LiBr, or LiI. The authors found up to 7 mol %
Cl respect to Li atoms was incorporated into the Li2O2 deposits,
and they performed a conductive AFM analysis concluding that
the large capacity obtained in the Cl-doped system is connected
with an increment of the electronic conductivity.
Even when doping Li2O2 is a potential route in the search of
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improving the overall perfomance of LABs, there are still several
important open questions, namely: can the dopants effectively
improve the bulk conductivity of Li2O2?; does dopants affect the
morphology of the deposits or the conduction mechanism?; is the
process of dopant incorporation from the electrolyte reversible
and/or affect the cyclability?
In this work, we perform first-principles calculations to study
the electronic properties of halogen doped Li2O2. We calculate
the formation energies of F, Cl, Br, and I as subtitutional dopants,
the energetics regarding electron and hole polaron defects, Li va-
cancies, and several complexes. We then calculate the activation
barriers of the more favorable charged defects and compare the
doped and undoped cases.
2 Computational methodology
In this work, we study the effect of halogen dopants on the elec-
tronic, structural and transport properties of bulk Li2O2 by means
of first principle calculations based on the Density Functional The-
ory (DFT)25, as implemented in the Vienna ab initio simulation
package (VASP)26,27. All the results reported in the main part of
this work are obtained considering the screened Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional28, using the PBE functional
as the base with which the Hartree-Fock exchange is combined
taking α = 0.48 for the mixing parameter and the performing a Γ-
point calculation. Due to the lack of reported experimental data
of the band gap of Li2O2, we report the results obtained for this
particular value of α since it better reproduces the band gap cal-
culated with the more accurate self-consistent GW 16,29,30.
In order to calculate the formation energies of the different de-
fects, we need to simulate isolated impurities so that the supercell
should be as large as possible. We use a 3x3x2 supercell of Li2O2
with one dopant per cell. We also calculate the formation ener-
gies of the most relevant charged defects using a 4x4x2 supercell,
and verify that they reasonably converge, in agreement with pre-
viously reported results16. We calculate the equilibrium lattice
parameters, a and c, of the unit cell, obtaining 3.06 Å and 7.48
Å, respectively, in reasonable agreement with the experimental
reported values (3.14 Å and 7.64 Å, respectively)31. In order to
avoid spurious strain in large supercells, we keep the values of a
and c fixed for the supercells containing the defects, and we al-
low the internal positions to relax. Curiously, the structural lattice
parameters obtained with PBE agree better with the experiments
but, unfortunately, due to large spurious self-interaction of this
functional, the band gap is considerably subestimated, and it is
not able to stabilize the hole polarons, that, as it will be shown
next, is the most favorable positive defect in Li2O2.
The formation energies of different halogen dopants in Li2O2
were calculated before and reported in the supplementary infor-
mation provided by Radin et al22. Several types of defects were
tested, either substitutional and interstitial ones, with different
charge states. In this work, we first reproduce the formation en-
ergies reported by Radin et al11, and then we calculate the forma-
tion energies of the other types of related defects, and analyse the
effect of dopants on the structural, electronic and transport prop-
erties. We put special emphasis in assessing the role of halogen
ions as donor dopants in Li2O2.
As it was previously shown that the interstitial sites are ener-
getically unfavorable22, we focus on substitutional halogen de-
fects. Besides, the X-Ray diffraction spectra (XRD) of the dis-
charge product of the LAB reported by Matsuda et al.23, revealed
the same pattern corresponding to Li2O2 both in the presence
and in the absence of LiCl in the electrolyte. Also the XRD anal-
ysis of the Cl-doped synthesized samples in Ref. 9 indicates no
LiCl formation. These results ruled out the formation of signifi-
cant segregation or secondary phases containing Cl in the cited
experiments. Thereby, we simulate bulk Li2XxO2−2x (X=F, Cl, Br,
I) considering that the dopants are substitutional defects homoge-
nously distributed along the discharge product.
The possible halogen substitutional sites are: Li-octahedral, Li-
trigonal, O, and the O2 dimer. For all the halogens, the more
favorable substitutional site is the O2 so that, from now on, we
will describe the results obtained out of halogen substitution of
the O2 dimer. Beside the most common intrinsic defects of Li2O2,
different charged states of the halogen doped system are consid-
ered together with several types of complexes, halogen-vacancy
and halogen-polaron as will be shown later on.
The formation energy of a given defect X with charge q, E f (Xq)
is calculated according to:
E f (Xq) = E0(X0)−E0(bulk)−∑
i
niµi+qεF +EMP1, (1)
where ni is the number of atoms of the ith species in the defect,
µi is the chemical potential of that species, εF is the Fermi level,
and EMP1=
q2α
2εL , is the Makov-Payne monopole size correction
32,
being α the Madelung constant for a simple cubic lattice of side
L= 10.25 Å, and ε= 10 is the average permitivity of Li2O2 cal-
culated using density functional perturbation theory (with PBE
functional). The Fermi level is determined by choosing the point
along the Li2O2 band gap that satisfies the charge neutrality,
∑i qXc0(Xq) = 0, where c0(Xq) is the corresponding equilibrium
concentration for the defect Xq. This concentration is related to
the formation energy by c0(Xq) = DXe
− E f (X
q)
kBT , being DX the den-
sity of defect sites. As discussed by Radin et al.22, and the ref-
erences there in, this condition is suitable for large systems as
compared to the screening length of Li2O2 (∼ 10 nm), as it is the
case of the two experimental works reported on Cl-doped Li2O2.
In the Supplementary information we give details on the calcula-
tion of the chemical potential of the different species involved.
3 Results and discussion
The crystal structure of Li2O2 is well known, it belongs to the
hexagonal P63/mmc space group33,34. There are two crystalline
sites for Li, with octahedral and trigonal point groups, respec-
tively, and four oxygens distributed in two dimers per unit cell.
Two types of alternated stacking layers are present, one consti-
tuted by the O2-dimers coordinating the trigonal Li site, and the
other formed only by the octahedral Li ions. In Fig. 1 a, the cal-
culated density of states (DOS) of stoichiometric Li2O2 projected
onto the px,y and pz oxygen orbitals, is depicted. The electronic
states that determine the chemistry of this crystal are the σ(pi)
bonding and antibonding pz(px,y) orbitals corresponding to the
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O2−2 dimers. Both bonding and anti-bonding pi-pxy orbitals are
occupied in the stoichiometric situation, while only the bonding
σ -pz orbital is full. Fig. 1 b, shows in solid red the projected DOS
onto the p states of the O2−1 dimer. These states correspond to
the most energetically favorable intrinsic positive defect, the hole
polaron p+ that, basically, consists in a positive charge trapped
at an oxygen dimer, whose O-O bond length contracts to 1.32 Å
in comparison with 1.47 Å for the O2−2 dimer35. The structure
of the defects is squematized on top of the DOS. Besides the lo-
calized states appearing within the bandgap there is an expected
increase of the bonding-antibonding splitting due to the larger
Coulomb repulsion of the contracted dimer. In Fig. 1 c-f, the
DOS corresponding to some of the more energetically favorable
defects associated with Cl are shown. The notation used for the
different type of defects is the same as used by Radin et al.22. The
superindex indicates the effective charge q of the defect, and the
subindex indicates the substitutional site being replaced. In Fig.
1c, it is observed that for the case of Cl+O2 , the Cl-p band (in blue)
is full and there are no polarons, all the dimers (in black) result
in a −2 valence state, whose DOS is very similar to the stoichio-
metric case. It is worth to note that according to Bader charge
calculations the Cl ion has valence state −1, as happen with the
rest of the simulated halogen defects (See the Supplementary sec-
tion for quantitative information regarding the calculated Bader
charges). In Fig. 1 d, for the complex Cl+O2 -V
−
Li(Tri) the DOS is sim-
ilar to the previous case (c) because neither Cl nor the Li vacancy,
alter the valence −2 of the remaining dimers. At variance with
these two last cases, the complex Cl+O2 -V
0
Li(Tri) and the defect Cl
0
O2
do show polaron formation (in red). In the first case, Fig. 1 e, it
is shown that a hole polaron p+ (solid red) develops, while in the
neutral Cl defect case (Fig. 1 f) an electron polaron is formed at
a neighboring dimer (dotted red).
It is interesting to note, that in the undoped Li2O2, the calcu-
lated energy gain of localization of an extra charge (a hole po-
laron) against charge delocalization is around 906 meV. In the
presence of the dopant the delocalized configuration for the extra
charge is not even stable36. The oxygen dimers always prefer to
absorb or expel charge in the form of polarons, despite the fact
that an energy cost due to the structural distortion have to be
paid. Taking this into account together with the different pro-
jected DOS of Fig. 1 and the Bader analysis presented in the Sup-
plementary information, it can be deduced that the ionic binding
of Li2O2 is not modified by the presence of the dopant.
Overall, regarding the electronic properties of Cl-doped Li2O2,
we can conclude that Cl defects will at least promote the for-
mation of electron or hole polarons, but metallic states are not
expected to be stabilized. In fact, we have also checked that
this situation persists for configurations with higher Cl concen-
trations37, closer to the ones studied by Matsuda et al.23, in
which both, electron and hole polarons, remain stable at nearest
and next-nearest neighbor dimer sites, respectively. Therefore,
whether or not Cl doping can enhance electronic conductivity as
suggested by Matsuda et al.23, will have to be analyzed in terms
of the migration of the above described polarons. Before doing
that, it is necessary to calculate the energy cost to form all the
studied defects through Eq. 1.
Fig. 1 (Color online) Projected DOS onto the p-orbitals of the oxygen
dimers in Li2O2 for the following cases: a) stoichiometric, b) hole po-
laron p+, c) Cl+O2 , d) Cl
+
O2
-V−Li(Tri), e) Cl
+
O2
-V0Li(Tri) and f) Cl
0
O2
. Solid
(dashes) black curves represents the pxy(pz) orbitals for the O2−2 dimers.
Solid (dotted) red curves stands for the hole (electron) polaron at the
O2−1(O2−3) dimer, and the blue curves depict the total p states of the
Cl ion. On top of each plot, the corresponding structural environment is
presented, where green, red and blue spheres represent Li, O, and Cl,
respectively.
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Fig. 2 (Color online) Calculated formation energies of all Cl impurities
(blue), together with intrinsic Li2O2 defects (black) as negative Li va-
cancies, hole polarons and neutral lithium vacancy. Vertical dashed line
shows the Fermi level satisfying charge neutrality.
Table 1 Calculated formation energies and equilibrium concentrations for
intrinsic and Cl-doped Li2O2 defects using HSE (α = 0.48). The values
are obtained by setting EF at charge neutrality.
Defect E f (Xq) [eV] c0(Xq) (cm−3)
p+ 0,99 2,0x105
V−Li(Tri) 0,99 2,0x10
5
V0Li(Tri) 1,03 4,1x10
4
Cl+O2 1,14 5,0x10
2
Cl+O2 -V
−
Li(Tri) 1,22 2,1x10
Cl+O2 -V
0
Li(Tri) 1,62 1,2x10
−6
Cl+O2 -V
−
Li(Oct) 1,67 3,1x10
−7
Cl+2O2 2,09 7,9x10
−15
Cl0O2 2,20 9,7x10
−17
Cl0O2 -V
−
Li(Oct) 3,40 1,4x10
−37
Fig. 2 shows the calculated formation energies as a function
of the Fermi level of the different defects with Cl, as well as the
formation energies of the dominant charged intrinsic defects in
Li2O2, namely, Li-ion vacancies (V
−
Li ), hole polarons (p
+), and
neutral lithium vacancy (V 0Li = V
−
Li -p
+).
The calculated formation energies and the corresponding equi-
librium concentrations obtained for the Fermi level satisfying
electroneutrality condition are listed in Table 1.
First, it should be noted that none of the calculated defects
associated with Cl modifies the Fermi level of pristine Li2O2 if
charge neutrality is imposed. The effect of considering the Cl de-
fects is negligible since the concentration depends exponentially
on the formation energy. The more stable Cl defects are first Cl+O2 ,
followed by Cl+O2 -V
−
Li(Tri). None of them implies the formation of
polarons, and all the dimers remain in the −2 valence state.
The neutral Cl defect results in Cl− coupled to an electron po-
laron formed at a neighboring O2−3 dimer. It can be observed
from Table 1 that this defect is more unstable than Cl+2O2 . Thus,
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Fig. 3 (Color online) Calculated formation energies of all calculated halo-
gen dopants (F, Cl, Br, I) for the corresponding more energetically favor-
able site, together with intrinsic Li2O2 defects (black) as negative Li va-
cancies and hole polarons. Vertical black dashed line shows the Fermi
energy satisfying charge neutrality for all cases except for the F-doped
system, for which it is depicted with a dotted line, slightly shifted towards
larger energies.
it can be concluded that in the presence of the dopant it is eas-
ier to create a hole than an electron polaron. It is interesting to
remark that a similar situation occurs in undoped Li2O2
16. The
structural distortion induced by these polarons, on top the dis-
tortion induced by the halogen itself, make these kinds of defects
very unfavorable. On the other hand, the complex Cl+O2 -V
−
Li(Tri) is
rather low in energy since it does not imply polaron formation.
Another important remark is that the energy cost of making a
Li vacancy in the presence of Cl− is not lower than in pristine
Li2O2. Cl
− does not promote the Li vacancy formation enhance-
ment, hence our results indicate that it does not behave as a donor
dopant as suggested by Gerbig et al.9 The expected equilibrium
concentration of Cl− is two orders of magnitude smaller than the
intrinsic defects, so that no dramatic effect can be anticipated in
Cl-doped Li2O2 at equilibrium, a result that is in line with ionic
conductivity measurements Gerbig et al.9 If we consider that the
system is under the effect of an electrostatic potential as is the
case in the measurement by Matsuda et al.23, the formation en-
ergies of Cl defects increase even more, with the concomitant de-
crease in the equilibrium concentration. The predicted concen-
trations of Cl defects are by far smaller than the ones reported by
Matsuda et al.23, in which the Li2O2 formation under the opera-
tion conditions of the battery might be out of equilibrium.
Fig. 3 shows the calculated formation energies of the most
stable defect of each halogen, as well as that of the dominant
charged intrinsic defects, Li-ion vacancies (V−Li(Tri)) and hole po-
laron (p+). The obtained values at the corresponding Fermi en-
ergy that satisfies charge neutrality in each case, are listed in Ta-
ble 2, along with the strain energy, estimated as follows22:
Es = Etot [dist]−Etot [prist], (2)
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Table 2 Formation energies, equilibrium concentrations and strain ener-
gies calculated for intrinsic and halogen doped Li2O2 defects using HSE
(α = 0.48). The values are obtained by setting EF at charge neutrality
in each case. In parenthesis, the values obtained for the F-doped case
Fermi level are provided.
Defect E f (Xq) [eV] c0(Xq) (cm−3) Es (eV)
p+ 0,99 (1,03) 2,0x105(4,1x104) 1,57
V−Li(Tri) 0,99 (0.95) 2,0x10
5(1,0x106) 1,23
F+O2 0,96 6,7x10
5 0,86
Cl+O2 1,14 5,0x10
2 2,00
Br+O2 1,66 4,7x10
−7 2,56
I+O2 2,80 7,3x10
−27 3,57
where Etot [dist] is the total energy of the Li2O2 supercell with no
defects, but considering the distorted structural cell of the doped
system, and Etot [prist] is the total energy of pristine Li2O2.
The same conclusion as in the Cl-doped system stands for the
rest of the halogens regarding the most energetically favorable
type of defect. As mentioned before, the Bader charge calculation
procedure leads to the halogens end up valence state −1. From
Fig.3 and Table 2 it can be observed that the formation energy of
the halogen dopants increases with the size of the ions. In the ab-
sence of any other polaronic distortion in these types of defects,
this monotonous behaviour can be explained by the increase of
the structural strain caused by the bigger dopants. The main con-
clusion that can be withdrawn from these results is that Cl− does
not show any particular behavior among the halogens. It can be
noted that, due to the small size of F, the formation energy of this
defect is slightly lower than the intrisic p+. This effect produced
a small shift of the Fermi level and, consequently, an increase of
the V−Li equilibrium concentration.
Thus, we can conclude that F and Cl dopants have rather low
formation energies as compared to the Li2O2 intrinsic defects,
so that non negligible concentrations of these defects can be ex-
pected. However, from the electronic properties studied in bulk
Li2O2 we do not find any reason why chloride should behave dif-
ferently from the other halogens as it was suggested by Matsuda
et al.23
3.1 Effect of Cl doping on the conductivity of Li2O2
In the previous sections, we have studied the electronic proper-
ties of Cl-doped Li2O2 and concluded that these defects does not
induce a change in the electronic conduction mechanism with re-
spect to the pristine Li2O2 and, consequently, any change in the
electronic conductivity have to be analyzed in terms of the mi-
gration of the above described polarons. In particular, we will
calculate the electronic and ionic activation barriers of the more
energetically favorable defects, the hole polarons and lithium va-
cancies, both in the absence and presence of Cl dopants. We will
also analyze the effect of F doping for comparison.
Under these conditions, a diffusion mechanism of polarons
and vacancies is expected for the electronic and ionic conduc-
tivity, respectively. The diffusion coefficient is estimated from
D=Na2νe−
Ea
kBT , where N is the number of hopping sites, a is the
distance between hoping sites, ν is the typical atomic vibration
frequency, and Ea is the activation barrier. The activation bar-
rier has been estimated differently depending if the defects are
lithium vacancies or polarons.
In the first case, the climbed-image udged-elastic-band (CI-
NEB) method has been used to build the different evaluated diffu-
sion paths. Due to the high computational demand of the CI-NEB
method, the vacancy diffusion has been calculated using PBE as
a functional. However, considering several independent interme-
diate states we have checked that both, PBE and HSE, give very
similar results, confirming that the activation barriers of lithium
vacancies are not sensitive to the functional used to calculate it16.
More precisely, we obtain Ea=1.33 eV and Ea=1.36 eV using PBE
and HSE, respectively. In Fig. 4 we show the calculated migration
barriers for the inter and intra layer hopping of lithium vacancies.
In black we depict the results for undoped Li2O2 and, in order to
assess the role of Cl doping, we study how the activation barrier
of VLi is locally affected when passing close to the Cl site (shown
in blue). We also show Ea values for the F doping case (in red). In
the upper panel of Fig. 4, we plot the interlayer Ea. In the inset,
we indicate with a black arrow the CI-NEB path in each direc-
tion, where 0 and 1 stand for the trigonal and octahedral lithium
sites, respectively. For the interlayer hopping Ea∼ 0.45 eV in the
undoped case, but this value can locally increase up to 0.57 eV
when the vacancy passes close to a Cl site. A similar increment of
Ea is obtained with F doping in this diffusion path.
In the case of intralayer hopping, the calculated Ea are shown
at the bottom panel of Fig. 4. The activation barrier of the un-
doped Li2O2 is 1.04 eV, substantially larger than for the interlayer
diffusion, and this value increases considerably (up to ∼ 1.5 eV)
when the vacancy passes nearby the Cl site, while it decreases to
0.82 eV when the dopant is F. The decrease of Ea in the last case
is due to the smaller size of the F ion.
In summary, regarding the ionic conduction, we have obtained
very different values for the inter and intra layer diffusion in the
undoped Li2O2 in good agreement with previous calculations
16,
and we conclude that the Cl doping will not promote the forma-
tion of lithium vacancies as described in previous sections and it
will not enhance their diffusion.
In order to estimate the activation barrier of the hole polarons,
we consider the intermediate step of the diffusion path (schema-
tized in Fig. S1 of the supplementary material) and perform the
calculation using HSE (α=0.48). For the undoped Li2O2, we get
Ea= 0.44 eV and 0.68 eV for the intra and inter layer diffusion,
respectively, in good agreement with previous calculations15,16.
At variance with the ionic conduction, the interlayer path is pre-
ferred in this case. The intralayer barrier increases to 0.57 eV
when the hole polaron passes close to a Cl site, while the inter-
layer one is not altered by the presence of the dopant. On the
other hand, due to the smaller size, the intra and interlayer hop-
ping decrease nearby the F site to 0.41 eV and 0.64 eV, respec-
tively.
Thus, our conclusions for the electronic conduction in Li2O2 in
the presence of Cl dopants is similar to that of the ionic one. Cl
dopants are not expected to modify neither, the electronic con-
duction mechanism, nor the concentration of intrinsic Li2O2 hole
polarons. Moreover, the results indicate that chloride will not fa-
6 | 1–8Journal Name, [year], [vol.],
  
  
Fig. 4 (Color online) Calculated activation energy barrier (Ea) for VLi in
the presence of a Cl (blue) and F(red) dopants, as well as in the pristine
Li2O2(black). Upper panel: Interlayer Ea. In the abscissa, 0 and 1 cor-
respond to trigonal sites while 0.5 to an octahedral site in between the
other two. Bottom panel: Intralayer Ea for the trigonal VLi. In this case,
0 and 1 represent two neighboring trigonal sites. The calculated CI-NEB
paths are schematized by the dashed arrows in the corresponding insets.
vor the polaron mobility. In fact, it is shown that F doping could
slightly improve the electronic conductivity.
Thus, our results do not support the conclusions by Matsuda
et al.23 that Li2O2 enhanced conductivity by Cl doping is respon-
sible for the high LAB capacity observed. Indeed, some caution
should be taken in the interpretation of the conductivity changes
in Li2O2 upon doping (see Supporting Information for details),
and we suggest that further experimental studies should be per-
formed before accepting that Cl doping affect so dramatically the
conductivity of LABs discharge products.
4 Conclusions
By resorting to first-principle calculations we studied in detail the
effect of several halogen dopants on the bulk electronic and trans-
port properties of Li2O2. Our results describe the effects of these
dopants, in particular Cl, well inside the nano particles or toroids
formed during the discharge of the LAB. In that sense, all the
energetic has been done assuming charge neutrality.
The rather low calculated formation energies of F and Cl de-
fects, as compared to the intrinsic defects of Li2O2 indicate that
non-negligible concentrations of these dopants can be expected,
as it was reported for the case of Cl-doped Li2O2
9,23. The other
halogen dopants, Br and I, induce larger structural distortions,
making them very energetically unfavorable. Our results do not
indicate any special behavior of Cl among the halogen ions. The
formation energies exhibit a reasonable dependence with the
dopant ionic size.
The most stable defect, associated with Cl as a dopant, is the
positively charged one replacing an oxygen dimer O−22 , in agree-
ment with previous calculations16. The same conclusion holds
for the rest of the studied halogens F, Br, and I. In general, for
these defects there is no extra electron or hole polaron formation,
i.e. the oxygen dimers are all in a -2 charge state.
Our results for Cl-doped Li2O2 do not support any of the mech-
anisms for enhancing conductivity, namely, the excess of charge
promoting metallic states that preempt the polaron formation21,
the shift of the Fermi level modifying the charge balance of the
system22, or the creation of extra charge carriers beside the in-
trinsic ones of Li2O2. In all the cases (doped and undoped) where
there is extra charge, the system prefers to pay the cost of the
structural distortion rather to let this extra charge gets delocal-
ized. Moreover, this effect is more a consequence of a Li2O2 char-
acteristic than the nature of the particular dopant, since the ionic
binding of the crystal and the capability of the O2 dimer to change
its valence remains in the presence of the dopant.
We found that Cl doping does not promote the formation of
extra lithium vacancies and polarons, and neither it induces a
change in the conduction mechanism, even at the high concentra-
tions experimentally achieved23. The calculated activation bar-
riers of both hole polarons and lithium vacancies increase in the
Cl-doped system, indicating that no improvement of the bulk con-
ductivity through Li2O2 can be expected in this case.
It should be emphasized that these conclusions could not be
straightforward assumed to be valid in the case of thin films or
small nanoparticles, where surfaces conductivity or other mech-
anism could play a relevant role. Further studies are desired re-
garding the relation between the morphology and the conductiv-
ity of doped Li2O2, a still open question even for the undoped
case, that could explain the reported increase of the capacity of
LABs when Cl is added as a dopant. Regarding this experimental
finding, one should be cautious about its relation with an increase
in the bulk conductivity of the Cl-doped Li2O2.
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